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Mechanical Behavior of Cryomilled Ni
Superalloy by Spark Plasma Sintering
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Y. ZHOU, K. KAKEGAWA, and E.J. LAVERNIA
The mechanical behavior of ultra-ﬁne-grained (UFG)
INCONEL 625 superalloy prepared via cryomilling and
spark plasma sintering (SPS) was studied. The work-
hardening response of the ultra-ﬁne-grained (600 to
700 nm) INCONEL 625 was compared to that of the
material with a 1-lm grain size and the results showed
normal work hardening for the latter material but not
for the former. Moreover, the results suggest that a
combination of high strength and good ductility can be
simultaneously obtained in the UFG INCONEL 625
alloy.
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Ultra-ﬁne-grained (UFG, 100 to 1000 nm) materials
have been the subject of considerable research interest
over the past two decades, in part because they represent
a transitional size regime between nanostructured (e.g.,
<100 nm) and normal micron-sized materials. Available
published results show that, unlike for the conventional
grain size regime in which a reduction in grain size
usually leads to an increase both in strength and
ductility, high strength in UFG materials is accompa-
nied with a low ductility (frequently less than a few
percent in tension).[1] Of the UFG materials that exhibit
considerable ductility, an inhomogeneous microstruc-
ture (bimodal grain size distribution) is frequently
reported.[2,3] For example, in bimodal Al-Mg alloys
fabricated via cryomilling,[4,5] a true strain of 6 to 8 pct
in tension was obtained. The grain size distribution in
this material indicated that the ﬁne grain size is in the
range of 100 to 300 nm, whereas the coarse grains
centered around 1 lm. An enhancement of ductility has
also been reported for other UFG or nanostructured
materials with an inhomogeneous microstructure.[6,7]
The stress-strain curves of UFG materials often exhibit
only a brief work-hardening region followed by nearly
prefect plastic deformation. The limited ductility in
UFG materials, therefore, is attributed to the lack of
work hardening due to limited dislocation accumulation
as a result of the small grain volume. However, in a
study of INCONEL* 625 alloy,[8] normal work
hardening was observed for the case of a material with
a bimodal microstructure with grain sizes ranging from
200 nm to about 10 lm. A remarkable increase in
strength (0.2 pct oﬀset yield stress>1000 MPa) was also
achieved in the cryomilled 625 alloy, compared to the
yield strength of 379 MPa in conventionally forged 625
alloy (grain size ~200 lm). In view of these ﬁndings, the
motivation of the present work is to study the grain-
size-dependent work-hardening behavior in the UFG
regime. These results may ultimately be implemented to
establish strategies to achieve high strength and good
ductility in UFG materials. In this study, UFG 625 alloy
samples with diﬀerent grain sizes were prepared by the
spark plasma sintering (SPS) technique. To diminish the
potential eﬀect of artifacts introduced during the process
(e.g., porosity), compression testing is used to establish
the work-hardening behavior.
Gas-atomized INCONEL 625 alloy powders (Sulzer
Metco (US) Inc., Westbury, NY) were cryomilled in a
liquid nitrogen environment for 8 hours with a ball-to-
powder ratio 20:1. The experiment was conducted in a
modiﬁed Union Process 1-S attritor (Union Process
Inc., Akron, OH) at a rotation rate of 180 rpm, and
more details are given in References 9 and 10. Chemical
analysis of as-received and cryomilled INCONEL 625,
listed in Table I, shows that the chemical composi-
tion fell within the nominal compositional range of
INCONEL 625 alloy; Fe, O, N, and C, originated from
the milling media, were slightly increased as a result of
cryomilling.
The cryomilled 625 alloy powder was consolidated in
an SPS-515S apparatus (SPS Syntex Inc., Kanagawa,
Japan). Prior to consolidation, the cryomilled powder
was loaded in a cylindrical graphite die with an inner
diameter of 15 mm, using two graphite plungers of the
same size to seal the die on both ends and transfer the
load during consolidation. Then the assembly was
placed in a vacuum chamber and consolidated under a
pressure of 42 MPa with a low voltage (<15 V) and
high-density pulsed current applied on the sample.
During consolidation, the sample was ﬁrst heated to a
preheating temperature, 100 K below the sintering
temperature, at a heating rate of ~100 K/min; then the
sample was heated to the target sintering temperature at
a heating rate of 33.3 K/min to avoid the sample
temperature overshooting. The sintering temperature
was selected to be 873, 973, 1073, 1173, and 1273 K,
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respectively. The dwelling time at the sintering temper-
ature was 5 minutes. The sintering temperature was
monitored using a K-type thermocouple. After consol-
idation, the density of bulk samples was measured using
Archimedes’ method.
The microstructures were examined using transmission
electron microscopy (TEM) and X-ray diﬀraction (XRD).
The TEM observation was performed with a JEOL**
2010F microscope, operated at 200 kV. The TEM sam-
ples were mechanically thinned to a thickness of approx-
imately 20 lm and then perforated using ion milling. The
XRD measurements were conducted using a Scintag XDS
2000 X-ray diﬀractometer (Scintag Inc., Cupertino, CA)
using Cu Ka radiation.
The mechanical behavior was evaluated by compres-
sion tests at ambient temperatures using an Instron
8801 universal testing machine (Instron, Canton, MA).
Compression specimens were machined and tested along
the loading direction of SPS, with a cubic geometry
measuring approximately 5 mm per edge. The compres-
sion tests were conducted at a constant crosshead speed
of 0.0005 mm/s, with measurement of the displacement
of compression platens (the displacement of specimens
and the elastic deformation of platens) using a video
camera. The elastic strain of the compression platens
was corrected.
Figure 1(a) shows the true stress-strain curves of the
SPS samples consolidated, respectively, at 973, 1073,
1173, and 1273 K (designated hereafter as SPS-973,
SPS-1073, SPS-1173, and SPS-1273) at a strain rate of
104 s1. The samples SPS-1273 and SPS-1173 exhibited
virtually identical compression behavior. However, the
sample SPS-1073 obtained a lower yield stress as well as
inferior work-hardening behavior. The sample SPS-973
failed prematurely at a stress of 362 MPa. The variation
of 0.2 pct oﬀset yield stress against SPS temperature is
plotted in Figure 1(b). Here, the yield stress drop in the
samples SPS-973 and SPS-1073 was likely caused by
the presence of porosity. Examination of the density of
the SPS samples revealed that nearly full dense bulk
samples (>98 pct) were achieved above 1173 K, as
shown in the inset of Figure 1(b). At 973 K, the SPS
sample attained a relative density of ~79 pct; at the
temperature of 873 K, the SPS sintered powder did not
form a solid compact. It should be mentioned that,
although the SPS sintering only takes a few minutes, the
SPS temperature required to achieve full density is lower
than that for conventional sintering (e.g., hot pressed
(HP) or hot isostatic pressed (HIP)). For instance, at a
sintering temperature of 1533 to 1673 K, the sintered
density was reported to reach only 80 pct of theoretical
density for a similar INCONEL 600 alloy.[11] In
INCONEL 625 alloy consolidated using HIP, a density
of 85 to 90 pct was obtained at a temperature of
1118 K.[12] Fast densiﬁcation was also achieved with
SPS in other material systems due to an acceleration of
mass transport resulting from the presence of pulse
currents.[13–18] To seal the porosity, the samples that
were SPS consolidated at 1073 K were HP at 773 K
(designated as SPS-HP hereafter) to full density corre-
sponding to INCONEL 625 alloy (8.46 g/cm3) at a
deformation strain of ~8 pct (Figure 1(c)). The fully
dense sample SPS-HP yielded a similar yield stress
compared to the ones SPS consolidated at higher
temperatures (SPS-1173 and SPS-1273), as seen in
Figure 1(b). As will be discussed in a later section, the
inferior working hardening rate in the sample SPS-1073
is attributed to an intrinsic characteristic of the sample.
INCONEL 625 alloy is a marginal solid-solution-
strengthened alloy, and various precipitate phases may
evolve at elevated temperatures; accordingly, the phase
constitution in the SPS samples was identiﬁed using
XRD. A solid solution formed in the as-atomized and
cryomilled 625 alloy powders, as shown in Figure 2.
Inspection of the XRD pattern reveals that the three
peaks in each powder sample can be attributed to the
(111), (200), and (220) planes of an fcc phase (c matrix).
The peaks of the c phase shifted to higher angles with
increasing SPS temperatures, indicating that the lattice
parameter of the 625 alloy decreased due to precipita-
tion of solute atoms.[19] Under thermal exposure, the
solid solution decomposes and the various precipitate
phases that are commonly found in the INCONEL 625
alloy are listed in Table II.[20] To determine the precip-
itated phases in the SPS samples, each phase listed in
Table II was calculated using the program ‘‘powder
cell’’[21] to ﬁnd a match with the peaks in the SPS
samples in terms of position and intensity. Note that the
C content after cryomilling is slightly higher than the
typical chemistry range (0.01 to 0.04 wt pct C) in 625
alloy. As a result, the precipitation of carbides (NbC,
M6C) is the dominant precipitation reaction in the SPS
samples sintered at high temperatures (>1173 K). In
625 alloy, the Al and Ti additions are maintained at a
low level compared to Al-Ti hardened superalloys;
hence, in general, the 625 alloy does not precipitate the
c¢ phase, but rather a metastable body-centered-tetrag-
onal c¢¢ (Ni3(Nb, Al, Ti)) phase or a stable orthorhom-
bic Ni3Nb phase (d phase) may form as a result of the
suﬃcient Nb addition. In the samples SPS-973 and SPS-
1073, the d phase formation is found to be the dominant
precipitation reactions, whereas the metastable c¢¢
precipitation is not detected. Floreen et al.[20] pointed
out that the c¢¢ precipitation could be markedly retarded
Table I. Chemical Composition (Weight Percent) of As-Received and Cryomilled INCONEL 625 Alloy Powders
Material Ni Cr Mo Nb Ti Al Fe O N C
As-received bal 21.0 9.18 3.77 0.004 0.21 0.036 0.012 0.076 0.009
Cryomilled bal 20.5 8.81 3.87 0.005 0.21 1.87 0.087 0.27 0.082
Nominal range[20] 58.0 min 20.0 to 23.0 8.0 to 10.0 3.15 to 4.15 0.40 max 0.40 max 5.0 max — — 0.10 max
**JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
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by decreasing the Ti content from 0.4 pct to 0. In the
cryomilled INCONEL 625 consolidated by hot isostatic
pressing, a similar observation was made on the
precipitation of equilibrium d rather than metastable
c¢¢ phase.[8]
The microstructures of the SPS bulk samples are
shown in Figure 3. Previous studies[22] indicated that the
grain size in the cryomilled powder is ~30 nm. Follow-
ing SPS, the grain size underwent signiﬁcant growth.
Most of grains in the SPS sample sintered 1073 K are
approximately 600 nm, whereas some of the grains are
on the order of 200 nm, as shown in Figure 3(a). The
selected area electron pattern (SAED) displays the fcc
pattern of c matrix and no evidence of c¢¢ precipitates.
The carbide and d phase precipitates were evident in the
c matrix. With increasing SPS temperature, they pre-
cipitated preferentially from the grain boundary region
to the grain interior. The grain size in the SPS sample
sintered at 1173 K is on the order of 1 lm. Increasing
the consolidation temperature further to 1273 K did not
signiﬁcantly alter the grain size, as shown in Figures 3(c)
Fig. 1—(a) True stress-strain curves of SPS consolidated INCONEL 625 alloys. (b) 0.2 pct oﬀset yield stress plotted against SPS temperature.
The inset shows the variation of relative density vs SPS temperature. (c) True stress-strain behavior of sample SPS-HP.
Fig. 2—XRD patterns of cryomilled INCONEL 625 alloy.
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and (d). Smaller grains with a size of 100 to 200 nm are
also observable. Twins are observed in the bulk cryo-
milled 625 alloy consolidated by SPS. Twin boundaries
with atomic resolution are revealed by HREM, as
shown in Figure 3(b). Twins were also found in cryo-
milled 625 alloy processed by HIP and extrusion.[8] In
the as-cryomilled powder, it was found that extensive
twins had formed in the nanoscale grains (grain size
~30 nm) as a result of the mechanical milling in the
cryogenic temperature.[9] To determine the change of
twin densities following SPS, the twin probability b,
deﬁned by ﬁnding a twin fault between the neighboring
{111} planes in the fcc lattice, was calculated using
the following relation: b ¼ ½DCG 2hð Þ111DCG 2hð Þ200=½11 tan h111 þ 14:6 tan h200;[23] where h is the diﬀraction
angle and DCG is the shift of the center of gravity from
peak maximum due to the peak asymmetry caused by
the presence of twins, in degrees. On the basis of the
measured DCG, the calculated twin probability in the
cryomilled powder as well as the SPS samples is plotted
in Figure 4. The presence of a high population of twins
in the cryomilled 625 alloy powder was also revealed by
TEM.[24] A high population of twins was also observed
in nanostructured Ni prepared via cold rolling.[25]
Following SPS, the XRD technique estimated that there
existed two to four twins in each grain. Compared to the
TEM micrograph in Figure 3, the average twin popu-
lation by XRD is slightly overestimated and the XRD
result appears to correspond to the twin population of
the twinned grains in the SPS samples.
To compare the work-hardening behavior of the
SPS samples, the dimensionless work- hardening
rate H = 1/rÆdr/de, which can be calculated from
Figure 1(a), is plotted against strain in Figure 5(a).
From Figure 5(a), the predicted uniform elongation in
tension for SPS INCONEL 625 alloy can be determined






where r is the true stress and e is the true strain. From
Figure 5(a), letting H<1, we can obtain strain>16 pct
for samples SPS-1273 and SPS-1173. Hence, a uniform
elongation of ~16 pct is expected prior to the onset of
local necking in uniaxial tensile loading of samples
SPS-1273 and SPS-1173. However, the H value for the
sample SPS-1073 decreases more rapidly and the H
value becomes less than 1 at a strain of 8 pct. In addi-
tion to the work-hardening rate, another material
parameter used to describe the stress-strain behavior is
the work-hardening exponent n. The work-hardening
exponent n can be expressed by the power law
(Holloman) relation:
r ¼ Ken ½2
where r is the true stress, K is the strength coeﬃcient,
and e is the true strain. The curve ﬁtting for Eq. [2] is
usually carried out in a region of uniform strain, eu, in
tension. Here the values of eu for the diﬀerent SPS
samples are determined using Eq. [1]. Thus, the work-
hardening exponent n can be determined from a plot of
true stress vs true strain on double logarithmic scales,
as shown in Figure 5(b). Note that the neck instability
condition is also deﬁned as eu = n. From Figure 5(b),
the uniform strain determined from Eq. [2] is consistent
with that from Eq. [1]. The work-hardening exponent n
for conventionally forged INCONEL 625 alloy (grain
size ~200 lm) was reported to be 0.14.[8] Figure 1(d)
reveals that the n values for samples SPS-1173 and
SPS-1273 are close to those of the conventionally
coarse-grained counterpart, but diﬀerent from the sam-
ple SPS-1073. It should be pointed out that the lower n
value in sample SPS-1073 is unlikely caused by the
porosity since the porosity would cause the opposite
eﬀect rather than decreasing the apparent n value in
compression. This is supported by the work-hardening
behavior of the fully dense SPS-HP sample. Note that
although the SPS-HP sample undergoes hot deforma-
tion at 773 K in the unloading cycle, the ﬂow stress
quickly saturates at a strain of ~2 pct.
The presence of twins may also inﬂuence the strength
and ductility of UFG materials. The interactions
between dislocations and the twin boundaries depend
on the twin lamellae thickness, twin spacing, etc.
Table II. Typical Precipitate Phases in INCONEL 625 Alloy
Phase Crystal Structure Composition
Precipitation
Temperature (C)
Carbides MC cubic, Fm3m
a = 0.43 nm
NbC or (Ti,Nb)C 870 to 1040
M6C cubic, Fd3m
a = 1.13 nm
(Cr,Ni,Mo)6C 870 to 1040
M23C6 cubic, Fm3m
a = 1.08 nm
Cr23C6 700 to 870
Precipitates c¢¢ ord tet, I4/mmm
a = 0.36 nm, c = 0.74 nm
Ni3(Nb,Ti,Al) 600 to 760
d Orth, Pmmn
a = 0.51, b = 0.42, c = 0.45
Ni3Nb 700 to 1000
Laves hex, P63mmc
a = 0.47 nm, c = 0.77 nm
(Cr,Fe,Ni)2(Si,Ti,Nb,Mo) 700 to 1000
Nitrides (Nb,Cr)2N tet, P4/nmm
a = 0.3 nm, c = 0.77 nm
(Ni,Cr,Nb, Mo)2N —
2026—VOLUME 40A, SEPTEMBER 2009 METALLURGICAL AND MATERIALS TRANSACTIONS A
Previous study[26] on UFG Cu indicated that the twins
with an average spacing on the order of 90 nm did not
have a signiﬁcant eﬀect on the work-hardening rate
(dr/de) compared to the twin-free counterpart. The twin
density in the SPS samples is much lower; therefore, it
can be inferred that the inﬂuence of twins in the SPS
samples on the work-hardening behavior is negligible.
Therefore, the grain size of ~1 lm may represent a
characteristic length scale for the normal work harden-
ing to occur. A ductility transition was also reported in
Al 1100 and IF steel,[27] Al 1050,[28] and commercial
purity V[29] when the grain size increased from the
submicron regime to ~1 lm. However, the yield strength
also decreased with increasing the grain size in these
alloys. There is probably a simple explanation for the
similar yield strengths of the SPS-HP, SPS-1173, and
SPS-1273 samples. It is anticipated that the larger grain
size in the SPS-1173 and SPS-1273 samples will decrease
the yield strength, but this eﬀect may be essentially
detained by an increase in precipitate strengthening, as
evidenced by the increase of the volume fraction of
precipitates in the grain interior (Figures 2 and 3).
In summary, work hardening in cryomilled
INCONEL 625 alloy was signiﬁcantly improved by
increasing the grain size from ~0.6 to ~1 lm. This study
suggests an approach, based on enhancing precipitate
Fig. 3—Microstructures of cryomilled INCONEL alloy 625 consolidated by SPS at (a) and (b) 1073 K, (c) 1173 K, and (d) 1273 K.
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hardening in ~1-lm grain size, by which a combination
of high strength and good ductility can be simulta-
neously obtained in ultra-ﬁne-grained materials.
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